Host Transcript Levels Relative to Bradyzoites Has a Diminished Impact on
Toxoplasma gondii is an extremely common parasite in humans and animals. Although sexual reproduction of this intracellular protozoan takes place only within felines, the intermediate hosts (many species of mammals and birds) support asexual reproduction consisting of two stages: tachyzoites and bradyzoites. Tachyzoites replicate rapidly, disseminate through the host, and cause tissue damage. Most are then cleared by the host immune response but not before some have converted into the bradyzoite stage. Bradyzoites replicate slowly, form a cyst within the host cell, and sustain a chronic infection for the life of the mammalian host. These bradyzoites latently persist and cause little pathology in a healthy host but, in an immunocompromised animal, they can reconvert into the tachyzoite stage and cause potentially fatal encephalitis.
Toxoplasma has a variety of mechanisms to co-opt the host cell and evade host defenses, thereby promoting intracellular survival. In particular, a number of studies indicate that tachyzoites manipulate various signaling pathways within the host cell. For example, tachyzoite-infected cells have been shown to be resistant to the induction of apoptosis through the targeting of multiple, distinct steps (29, 33, 20, 7) . Toxoplasma tachyzoites also manipulate host cell NF-B signaling (32, 28) , as well as mitogen-activated protein kinase signaling based on the fact that tachyzoite-infected macrophages are refractory to additional stimulation by lipopolysaccharide (26, 23) . Recent research has also shown that tachyzoite proteins can be injected into the host cell upon invasion (19, 21, 30) and that at least one of these, a protein kinase, can have major effects on host transcription (30) .
To better understand the interaction between parasite and host, microarray technology has been used by several groups for genome-wide analysis of the effects of the intracellular tachyzoite on the host cell transcriptome. Two groups have shown cell-specific responses to Toxoplasma tachyzoites in dendritic cells, macrophages, and retinal vascular endothelial cells (10, 25) . Another group compared host gene expression in human foreskin fibroblasts (HFFs) infected by Toxoplasma tachyzoites with infection by other pathogens and identified two genes specifically induced by Toxoplasma (MacMarcks and transferrin receptor) (17) . Further studies have confirmed that the parasite-induced increase in host transferrin receptor aids parasite survival (18) . In addition, marked differences between early and later time points following infection with tachyzoites were revealed by a time course analysis (3): transcript levels that changed at 2 h postinfection (hpi) primarily encoded immune response proteins that did not require parasite invasion for their increase, whereas at 24 hpi there were many additional changes, including increases in the transcript levels of genes encoding enzymes in the glycolytic and mevalonate synthesis pathways.
In contrast to this large body of data on infection with tachyzoites, relatively little is known about changes mediated by intracellular bradyzoites. There are many biological differences between tachyzoites and bradyzoites that predict the host responses to these stages are probably very different. For example, a number of studies have revealed developmentally regulated Toxoplasma genes, including metabolic enzymes, secreted proteins, and surface proteins (1, 36, 13, 15, 11, 24, 34, tachyzoites, which attract a strong proinflammatory response, bradyzoites often persist in the animal without attracting immune infiltrates (24) . This led us to hypothesize that bradyzoites might produce a unique signature of changes in the host cell transcriptome.
In the present study, human cDNA microarrays were used to investigate whether and how the changes in host gene expression during infection with bradyzoites differ from those during infection with tachyzoites. Employing a commonly used method for induction of bradyzoite differentiation (high pH and low serum) (34) , parallel cultures of HFFs infected by bradyzoites and tachyzoites were obtained, and microarrays were used to profile changes in host gene expression. We observed that, overall, bradyzoite infection caused transcriptional changes of lesser magnitude than those brought about by tachyzoite infection but that the two stages have similar effects on host transcription.
MATERIALS AND METHODS
Cell culture. Cultures of primary HFFs at passages 9 to 13 were grown to confluence in 175-cm 2 flasks and incubated for 3 to 5 weeks in a humidified, 37°C, 5% CO 2 incubator. Fresh medium was added to these cultures the day before infection. Pru strain parasites expressing green fluorescent protein (GFP) from a bradyzoite-specific promoter (bradyzoite-specific GFP-4, BSG-4) (34) were allowed to lyse their host cells and remain extracellular for approximately 24 h before they were washed three times, counted, and added to HFFs at an effective multiplicity of infection of 1:5. At 4 h postinfection (hpi) the medium was removed, and fresh medium of either Dulbecco modified Eagle medium plus 10% fetal calf serum (pH 7.5) ("standard") or RPMI plus 1% fetal calf serum, buffered with 50 mM HEPES to pH 8.2 ("stress"), was added. Flasks with standard medium were incubated in the conditions described above, whereas flasks with stress medium were incubated as described above but capped tightly without added CO 2 . Tachyzoite-infected cultures were labeled "standardϩTZ"; bradyzoite-infected cultures were termed "stressϩBZ." At 44 hpi the cells were harvested for RNA preparation. Only cultures with infection rates of at least 20% of the cells and a bradyzoite conversion of better than 90% were used for RNA isolation. The bradyzoite conversion was assayed by counting all vacuoles in an area and then counting the vacuoles that contained GFP-positive bradyzoites. In the standardϩTZ cultures, no conversion to bradyzoites occurred based on a total absence of detectable GFP expression (data not shown).
cDNA synthesis. Total RNA was extracted by using TRIzol reagent (Gibco-BRL). RNA was assessed for quality using spectrophotometry and gel analysis. mRNA was isolated by using Oligotex mRNA minikit (QIAGEN). cDNA was synthesized by using Superscript II (Life Technologies) and quantified by measuring ethidium fluorescence in electrophoresed samples.
Labeling and microarrays. Second-strand cDNA was labeled by using the direct incorporation of Cy3 (reference) or Cy5 (sample) dUTPs (Amersham) through random nonomer priming with Klenow enzyme (Gibco-BRL). Type II microarray experiments were performed (common reference on all slides) (14) using a reference sample made from a pool of first-strand cDNA from all conditions. Each reference and sample were labeled in parallel and purified by using YM-30 columns (Amicon) and then simultaneously hybridized to human cDNA microarrays (Stanford Functional Genomics Facility) by using 3.4ϫ SSC (1ϫ SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate), 0.3% sodium dodecyl sulfate, 20 g of poly(A) RNA (Sigma), and 2 g of yeast tRNA (Roche) at 65°C for at least 22 h. Prior to hybridization microarray slides were hydrated, cross-linked, and prehybridized in 25% formamide according to the manufacturer's instructions (Corning UltraGAPS-coated slides instruction manual). Slides were rinsed in water, followed by 95% ethanol, and then dried by centrifugation. Hybridization was followed by washing for 5 min each in 2ϫ, 1ϫ, and 0.2ϫ SSC and then drying by centrifugation. Each microarray contains 40,996 cDNA spots representing 23,228 unique putative genes (gene identity information may be found in Fig. 2 and 4) .
Data analysis. Slides were scanned by using an Axon Genepix 4000A and gridded by using Genepix 5.1. The data were entered into Stanford Microarray Database (SMD [genome-www5.stanford.edu]), and two-dimensional spatial local estimation was used to normalize the spots (span factor of 0.4) (39) to enable comparison between arrays (raw data will be available from SMD, GEO, and ArrayExpress repositories). Five arrays per condition were selected to be included in the analysis based on overall signal-to-noise ratios. These arrays include at least one from each of three biological replicates and an additional two technical replicates. Three filters to remove poor quality spots were applied before data were downloaded: the spot had to be flagged as "OK" in Genepix, the regression correlation had to be greater than 0.6, and the channel 2 signal had to be at least threefold greater than the background. Genes for which there are high-quality data on 14 of 20 of the arrays (18,425 spots) were entered into MeV 3.0 (www.tigr.org). The following pairwise combinations of the conditions were used for two-class unpaired significance analysis of microarrays (SAM) (37) analysis (1% false-positive cutoff): standard versus (standardϩTZ), stress versus (stressϩBZ), and standard versus stress. Gene Ontology (http://www .geneontology.org/) analysis was performed on the SAM data with the additional cutoff of requiring a fold change greater than 1.5, either up or down. The abbreviated gene symbol (e.g., STAT1 [for signal transducer and activator of transcription 1]) was used to reduce the lists to include one copy of each gene for further analysis. Using Onto-Express (http://vortex.cs.wayne.edu/projects.htm [12] ), each individual list of significant genes was queried against the entire list of genes present in the input for the SAM analysis. Lists of significant genes from the most significant gene ontology (GO) categories were used to query the 18,425 spots to obtain data on all replicates of a gene. We used a cutoff of 14 or more genes in the GO category to consider it for discussion. The replicate experiments were averaged, entered into MeV 3.1, and clustered with average linkage Euclidian parameters for image generation.
ELISA. HFFs were grown in 24-well tissue culture plates. The experiment commenced exactly as for the cultures used for microarrays, but 2 h before the final time point (44 hpi), medium was removed, and cells were washed with warm phosphate-buffered saline. A total of 600 l of fresh medium of the proper type (standard or stress) without serum was added to the wells. After 2 h, the medium was harvested for enzyme-linked immunosorbent assay (ELISA) experiments. ELISAs were performed in duplicates according to manufacturer's protocol for CCL2 (1:10 dilution of sample; eBioscience, San Diego, CA) and CXCL1 (no dilution of sample; BD-Clontech, Palo Alto, CA).
Semiquantitative PCR. cDNA from microarray experiment 3 (for a description of the experiments, see supplemental material) was diluted to 10 ng/l. A standard curve was made by using one of the samples at 20 ng/l and diluting it further to 1:10, 1:100, and 1:1,000. PCR was performed with 25 or 50 ng of cDNA and QuantiTect SYBR PCR Mastermix (QIAGEN) according to manufacturer's instructions on a Lightcycler 1.2 (Roche). Two replicates of each sample were performed, quantitation was performed by using Lightcycler software version 3.5, and abundances were calculated based on the standard curve for each primer pair. Primer pairs were as follows: BCL2A1 (GAAGACGGCATCATTAACT and CCCAGCCTCCGTTTTG), GM-CSF (AGCATGTGAATGCCATC and GTTTCCGGGGTTGGAG), IL-24 (CTCCTTTGCTGGCGAC and GGGCAC TCGTGATGTT), ENC1 (GCCGTCGTAGGTATTAGT and ACATCTAGGA ACCAGGG), FAS (CCAACCTTAAATCCTGAAACA and GCCAATTACG AAGCAGT), and IFI16 (GTGCCAGCGTAACTCC and CCCGGTATTCCC ACTT).
GenBank accession numbers. The accession numbers for the genes identified in Fig. 2 and 4 (in the order listed in these figures) are as follows: for Fig. 2A (cholesterol biosynthesis), AA477781, AI214581, N62195, T65790, T56013,
RESULTS
Experimental system. To examine bradyzoite-specific effects on host cell transcription, bradyzoite-bearing cells would ideally be isolated from an infected animal. Unfortunately, however, this approach is not feasible because of the extremely low number of such cells (e.g., an entire mouse brain typically contains only ca. 100 to 3,000 cysts). We attempted to use in vitro cultures of primary rat astrocytes (neural fibroblasts) but were unable to obtain consistent results due to limitations on cell viability and the variable purity of the starting material (data not shown). We therefore turned to another primary cell line, HFFs, that has been used extensively for the study of bradyzoites in vitro. Fibroblasts are involved in the regulation of inflammation, and activated fibroblasts have roles such as providing costimulatory signaling to leukocytes (38) , influencing Th1 or Th2 patterning (22) , and downregulating the immune response in tissues to limit chronic inflammation (5) . These functions of fibroblasts, along with their ease of manipulation as primary cell lines, make them a useful and relevant cell type for studying how Toxoplasma manipulates its host cell.
Pru strain parasites have been well characterized regarding their ability to convert into bradyzoites in vitro and in vivo. We used a Pru strain engineered to express GFP by a bradyzoitespecific promoter (LDH2) (34) . Parallel cultures were initiated by adding tachyzoites to HFF monolayers and then, at 4 hpi, the medium was removed, and fresh standard medium was added for tachyzoite ("standardϩTZ") conditions or stress medium was added for bradyzoite ("stressϩBZ") cultures to induce conversion. The resulting percentage of cells infected was examined microscopically and found to be the same for standardϩTZ and stressϩBZ cultures (data not shown). Mock-infected cultures were similarly treated to yield uninfected "standard" and uninfected "stress" cultures. RNA from all cultures was harvested at 44 hpi, just before tachyzoites lyse their host cells (bradyzoite cultures are slower to grow and so do not lyse the host cell for several days, if ever [data not shown]). In preliminary experiments we determined that the efficiency of bradyzoite conversion decreased dramatically with increasing multiplicity of infection. The optimum was achieved when ca. 20% of host cells were infected, which allowed at least 90% bradyzoite conversion (data not shown). The implications of this are further discussed below.
To examine host transcription, microarrays were used to compare mRNA transcript abundance for the four experimental conditions: standard, stress, standardϩTZ, and stressϩBZ cultures. These data are all available in the SMD (2; (http: //genome-www5.stanford.edu/microarray). Three separate, pairwise SAM analyses were performed (37) to obtain significance and fold changes for 18,425 spots (9,750 unique genes) on the arrays for these pairs: standard versus standardϩTZ, stress versus stressϩBZ, and standard versus stress. (A table of these results is included as supplemental Fig. 1.) To increase our confidence in the data, further analysis was performed only on genes that were called significant by SAM and changed 1.5-fold or more. Due to the low percentage of cells infected (ϳ20%), relatively small changes in transcript levels might reflect larger changes in the subset of cells that are actually infected. Unfortunately, however, the inherent variability across multiple microarray experiments precluded the inclusion of fold changes less than 1.5 in our study and so genes with only modest changes in infected cells will not be identified in these analyses. Despite these limitations, 1483(14%) and 692 (7%) of unique genes changed significantly in at least one spot as a result of tachyzoite or bradyzoite infection, respectively, whereas just 349 (4%) of the genes' transcript levels changed significantly from stress medium alone (Fig. 1) .
Stress conditions induce cholesterol and lipid synthesis. To reveal the kinds of genes differentially expressed, a gene ontology-based analysis was used (12) . The list of significant genes from each pairwise SAM output was queried against the entire input list, and P values were obtained for the enrichment of functional categories of genes. To determine the effects of the stress medium on HFFs, the two uninfected conditions were also compared. The stress conditions alone (i.e., with no infection) induced primarily genes in the GO categories "cholesterol biosynthesis" and "lipid metabolism" suggesting that the low serum conditions increased intracellular lipid produc- Table 1 and Fig. 2A and B) . These results are consistent with previous microarray studies that examined serum starvation in HFFs (8) .
Comparing bradyzoite-infected cells to uninfected controls revealed a slight, further increase in transcript levels for cholesterol biosynthesis genes over and above the effect seen with the stress conditions alone. An increase was also seen with tachyzoite-infected cells versus uninfected cultures (Table 1 and Fig. 2A and B) . These data are consistent with previous microarray analysis that showed that enzymes in the mevalonate synthesis pathway were upregulated in tachyzoite-infected cells at 24 hpi The same upward trend in this latter pathway was evident here, although it failed to achieve statistical significance (asterisks in Fig. 2A and B) . There is evidence that this induction occurs only in infected cells (35) , and thus the lesser induction seen here might be due to the lower percentage of cells infected in the present study.
Infection and stress both cause primarily decreases in expression of genes encoding extracellular matrix proteins and growth factors. A primary role of fibroblasts is the secretion and modification of extracellular matrix; thus, it is not surprising that "extracellular matrix structural constituent" was the most significant gene ontology category for all three pairwise conditions (Table 1) . Either stress or infection alone reduced transcript levels of extracellular matrix constituents, and the combination of these two conditions appears to cause even greater decreases in transcript levels (Fig. 2C) , suggesting an additive effect of infection and stress.
The next most highly significant category modulated by both stress and infection is "growth factor activity" (Table 1) . A number of fibroblast growth factors were markedly decreased as a result of all three conditions (Fig. 2D) . This is consistent with the previous finding that pH stress or serum starvation decreases cell proliferation (6) . Our data indicate that infection with Toxoplasma also causes a decrease in gene products necessary for the proliferation of fibroblasts although this is experimentally difficult to examine, given that the cells are physically lysed by the parasites after about 2 to 3 days of infection.
Previous reports, in which transcript levels were examined in HFF cells at 24 hpi, found few transcript levels that were decreased in infection (17, 3) . It was, therefore, not expected to see the large number of such transcripts, particularly in tachyzoite-infected cells at day 2. This is readily explained, however, by the fact that abundance is a function of both synthesis and decay and so genes whose transcription is switched off might not show a significant change in overall abundance until enough time has elapsed for decay of preexisting message. For the genes described here, this effect might not become apparent until 44 h have elapsed. Alternatively, the expression of these genes might not be impacted until parasite growth has reached a critical point.
Infection by tachyzoites or bradyzoites causes increases in chemokine and cytokine transcript and protein levels. GO categories highly enriched by tachyzoite and bradyzoite infection, but not stress alone, included "cytokine activity" and "chemokine activity" (Table 1 and Fig. 2E and F) . To examine how changes in transcript levels correlate with protein levels, ELISA experiments were performed with supernatant harvested from HFFs treated as for the microarray analysis except that at 42 hpi the medium was replaced and harvested 2 h later for the measurement of cytokine secretion by ELISA. We confirmed that CXCL1 (GRO␣) and CCL2 (MCP1) protein levels were increased in accordance with their highly induced transcript levels (Fig. 3 ) in tachyzoite and bradyzoite infections. The relative differences in the expression of each of these molecules is similar to the transcript level data from the microarrays.
Transcript changes are not specific to bradyzoite infection. To compare host response to bradyzoite and tachyzoite infection, we examined the lists of genes deemed significant by SAM in two pairwise comparisons: standard versus standardϩTZ and stress versus stressϩBZ. The majority (77%) of the genes significantly affected by bradyzoite infection were also significant for tachyzoite conditions (Fig. 1) . To determine which of the remaining 23% were truly bradyzoite specific, the genes were manually examined according to the following criteria. After obtaining all spotted replicates for each gene considered significant by SAM, we required that two of three of spots show the same trend and that the ratio of stressϩBZ to stress be at least 1.5-fold the ratio of standardϩTZ to standard. The final list of genes that met these criteria as "bradyzoite specific" consisted of only 14 genes (12 upregulated and 2 downregulated), and only two of these genes had fold changes greater than two. The 1% false-positive rate of SAM predicts 7 falsepositive genes, suggesting that at least half of the 14 genes observed may not be truly specific to bradyzoite versus tachyzoite infection. To explore this further, quantitative PCR (qPCR) was performed on three of the genes specifically induced by bradyzoite infection according to the array data. The results (see Fig. 5 ) showed that ENC1 transcript levels changed in the manner predicted by the array data, but IFI16 showed (27) 4.00E-03 (10) 0.05 (5) 1.00 (0) a The category name is followed in parentheses by the number of genes in the analysis that fit into that category. b The corrected P value for a pairwise SAM comparison is followed in parentheses by the number of significant genes in that category. Statistically significant results are in boldface.
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HOST RESPONSE TO INFECTION BY TOXOPLASMA BRADYZOITES 637 FIG. 2. GO categories significantly modulated by infection and/or culture condition. Clusters include genes called significant by SAM in highly significant GO categories. Vertical groupings show hierarchical clustering of gene expression in HFF with or without stress and/or parasites 44 hpi The matrix contains log-transformed medians of normalized ratios, averaged over each condition and converted to a color scale as shown (log 2 values greater than 3 or less than Ϫ3 were assigned as 3 and Ϫ3, respectively). Each row represents the color-coded expression of one spot corresponding to one gene on the arrays. Genes with asterisks are discussed in detail in the text. (A and B) "Cholesterol biosynthesis" and "lipid metabolism", two GO categories significantly modulated by stress; (C and D) "extracellular matrix structural constituent" and "growth factor activity", the two GO categories most significantly modulated by infection and stress; (E and F) "cytokine activity" and "chemokine activity," two GO categories significantly modulated by infection only. Transcript changes specific to tachyzoite infection. To determine whether there were genes induced exclusively by tachyzoite infection, we examined the list of 950 such genes using the stringent criteria described above. Using these criteria, 54 genes (14 up and 40 down) were tachyzoite specific (Fig.  4) . SAM predicts only 14 false-positive genes in this category, and thus most of the 55 are expected to be real differences. In addition, 18 of the 54 had fold changes greater than two, further suggesting that the differences were real. qPCR was performed on three genes that the array data indicate are induced Ͼ2-fold in a tachyzoite-specific manner (BCL2-related protein A1 [BCL2A1], granulocyte-macrophage colonystimulating factor [GM-CSF], and interleukin-24 ). In all three cases, the qPCR data were in agreement with the array data, indicating that these genes were all specifically induced in tachyzoite infection (Fig. 5) . The qPCR indicates an underestimation by the microarrays of the extent of the tachyzoite induction of these three genes. This is consistent with a study comparing fold changes measured by qPCR versus microarrays that found that microarrays consistently underestimate the induction relative to qPCR (40) .
The GM-CSF induction agrees with the work of others that found it to be significantly induced in tachyzoite-infected fibroblasts (9) . This protein promotes granulocyte and macrophage differentiation and proliferation and would thus increase inflammation. This tachyzoite-induced transcript may contribute to the known phenomenon that tachyzoites cause extensive inflammation, whereas bradyzoites do not.
Antiapoptotic proteins BCL2A1 and TNF receptor-associated factor 1 (TRAF1) are induced by tachyzoites in dendritic cells (10) , and these data suggest that they are induced in fibroblasts by tachyzoites but not by bradyzoites (Fig. 4 and 5) . During the extensive inflammation caused by tachyzoites, these antiapoptotic genes, as well as IL-24, may help the tachyzoiteinfected cell, and thus the tachyzoites inside, survive.
There were 40 genes that were downregulated significantly in tachyzoite infection, including the "signal transducers and activators of transcription" STAT1 and STAT3. These proteins have been well studied in Toxoplasma infection and shown to be subject to multiple levels of regulation (27, 30, 41) . We examined the transcript levels for genes whose expression is mediated by activated STAT1 or STAT3 and saw no significant decrease in infected cells. Consistent with this, we examined STAT1 protein levels by Western blot and saw little if any decrease in the infected cultures (data not shown). Hence, the decrease in the STAT1/3 transcript levels does not appear to impact the overall function of the proteins they encode, at least within the time frame (48 h) examined in these experiments.
DISCUSSION
Under the conditions used here, infection by bradyzoites results in fewer changes in host gene expression than does infection with tachyzoites, and the changes that do occur are essentially a dampened version of those observed with tachyzoites. In addition to the fundamental differences between how bradyzoites and tachyzoites manipulate their host cell, it is possible that the lesser effects of bradyzoites is a consequence of the way in which bradyzoites must be generated in vitro. That is, the infections have to be initiated by tachyzoites and the "bradyzoite-inducing" conditions are not applied until 4 hpi; thus, some host responses might be initiated by proteins on the tachyzoite surface and/or tachyzoite proteins that are injected into the host cell during the invasion process itself (19, 21, 30) . For example, CCL2 has been reported to be induced by a tachyzoite-specific surface antigen, SAG1 (4), and an increase in CCL2 transcripts was clearly evident in tachyzoite-infected cells and, to a lesser extent, those infected with bradyzoites; both could be a result of the initial contact with SAG1 on the tachyzoite surface with a diminished effect in the bradyzoite conditions where the SAG1 gene is turned off. The large, tachyzoite-specific induction of genes such as BCL2A1 and GM-CSF, on the other hand, shows that not all transcripts induced by tachyzoites are observed in bradyzoite infection. Such instances could be due to specific effects of the tachyzoites exerted after the initial 4 h of infection, FIG. 3 . Secretion of CCL2 and CXCL1 by uninfected and infected cells at 44 hpi postinfection. ELISA data representative of four independent experiments are shown. Tachyzoites were added, and the medium was replaced 4 hpi with normal or stress medium. At 2 h before harvest, the medium was removed, cells washed once with phosphate-buffered saline, and fresh medium of the proper type but without serum was added. Secretion from the last 2 h before harvest at 44 hpi was measured. Error bars reflect the standard deviation of two replicate cell culture wells in the experiment. Microarray transcript levels are the ratio of sample to reference median intensity averaged over two spots and all five arrays per condition. Error bars reflect the standard deviation of these data.
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and/or they could require sustained exposure to tachyzoite-specific molecules. Two additional factors could contribute to the diminished magnitude of host transcript changes in bradyzoite-infected cells. First, due to the slower growth rate of bradyzoites, the tachyzoite-infected cells contain more parasites at a given time point, and this higher parasite number could cause larger transcript changes. Second, the stress conditions used to induce bradyzoite development might have dampened the ability of the host cells to respond to the infection.
To determine whether the parasite load within a cell correlates to the magnitude of the transcript changes, a slow-grow- FIG. 4 . Clusters of genes that are tachyzoite specific or bradyzoite specific. Clusters include genes called significant by SAM in either tachyzoite infection or bradyzoite infection that, upon examination (see the text), met the criteria for being "tachyzoite specific" (A and B) or "bradyzoite specific" (C). Color-coding is as described for Fig. 2 . Genes with asterisks are discussed in detail in the text. ing tachyzoite mutant ideally would be compared to bradyzoites. The closest to such mutants are those defective in carbamoyl phosphate synthesis, but their defect is so large (complete cessation of growth) that they are not useful for these purposes (16) . Instead, we used ELISA to examine the secretion of CCL2 and CXCL1 at two different multiplicities of infection. Doubling the number of parasites resulted in an ϳ2-fold increase in secretion (data not shown). These results are consistent with the larger magnitude of changes seen in tachyzoite-infected cells being due in part to the greater number of parasites within the culture, although increasing the percentage of cells infected is clearly very different from increasing the number of parasites per cell. To determine whether stress conditions suppress the ability of an infected cell to respond, the secretion of CXCL1 and CCL2 was examined by ELISA using cells that were incubated for 44 h with culture supernatant from a tachyzoite-lysed flask. The supernatant stimulated a marked secretion of CXCL1 and CCL2 by HFFs in both standard and stressed conditions, although the increases in stressed cells were 2-and 1.5-fold less, respectively, than similarly treated, unstressed cells (data not shown). These results show that stress medium can have a suppressive effect on chemokine secretion by stimulated cells, but this is not enough to account for the 17-to 20-fold depression in secretion when BCL2A1, granulocyte-macrophage colony-stimulating factor, and IL-24 in tachyzoite-and bradyzoite-infected cells are compared.
In conclusion, the results presented here show that the effects of maturing bradyzoites on host cells are generally very similar to those of tachyzoites. Although we sought to identify bradyzoite-specific changes in host transcript levels, only tachyzoite-specific changes were identified. The overall lesser effect of bradyzoites on the host cell supports the hypothesis that infection with bradyzoites is less disruptive than infection with tachyzoites. Additional techniques and in vivo work is needed to study the effects of mature bradyzoites on the host cell, although the absence of methods to specifically isolate bradyzoite-infected cells from an infected animal, coupled with the rarity of such cells, makes this a daunting challenge. FIG. 5 . "Tachyzoite-specific" genes show large induction, but "bradyzoite-specific" genes may be induced by infection by both stages of the parasite. Semiquantitative PCR was performed on three "tachyzoite-specific" and three "bradyzoite-specific" genes. Error bars represent the standard deviations of two samples. The array data are presented in graphs, with error bars representing the standard deviations of all five arrays for each condition. GM-CSF, granulocyte-macrophage colony-stimulating factor.
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